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Thin film growth and lamella specimen preparation
The Pb(Zr 1-x Ti x )O 3 (PZT, x = 0.9, 0.6) and BiFeO 3 thin films were grown by pulsed laser deposition on SrRuO 3 -buffered (110)-plane DyScO 3 and (001)-plane SrTiO 3 substrates (CrysTec GmbH) [31, 32] . Lattice parameter relationships show that the (x = 0.9) PZT films are subject to a weak tensile strain (~ 0.9%) from the DyScO 3 substrate, with the mismatch strain balanced by formation of the ferroelastic c/a/c/a domain array over the entire film [29] . As a result of a compressive strain of ~ -2.3% from the SrTiO 3 substrate, the x = 0.6 PZT film forms a monodomain ferroelectric state. On the DyScO 3 substrate, the BiFeO 3 film has a compressive strain of ~ -0.4% and forms a regular 71° domain array, which is associated with presence of complex nanodomains near the surface, interface and 71° DWs. A focused ion beam system (FEI Helios NanoLab 400S) was used for lamella specimen preparation for (scanning) transmission electron microscopy ((S)TEM) studies. For preparation of the electric-field biased specimens, an additional Pt electrode with a thickness of > 2 µm was deposited on the PFM-written domain array for protection of the written domain boundaries. A lower voltage and beam current were used to reduce Ga-ion beam damage during thinning of the lamella. A NanoMill 1040 system was used to remove surface contamination and to reduce the specimen thickness.
Quantitative atomically-resolved (S)TEM and dark-field imaging
The atomically-resolved (S)TEM investigations were performed on an image-corrected FEI Titan 80-300 microscope operated at 300 kV and a probe-corrected FEI Titan ChemiSTEM microscope operated at 200 kV. Quantitative measurements of atomic column positions were carried out by fitting the column intensities with two-dimensional Gaussian peaks on the basis of maximum likelihood estimation. Structure modelling and image simulation were carried out using CrystalKit-MacTempas software package. For quantitative TEM study, an iterative procedure for comparison of the experimental image with the simulated ones was performed to unravel the effects of specimen tilting away from the Laue orientation, residual lens aberrations and interfacial element diffusion on the image contrast. The effective charges of PbTiO 3 , with P = 3.92, T = 6.71, O = -5.51 and O = -2.56, were used for calculating the spontaneous polarization based on the formula ∑ [33]. Dark-field imaging was carried out on FEI Tecnai F20 and FEI Titan 80-300 microscopes.
Quantitative compositional analysis across the PZT/SrRuO 3 interfaces
A probe-corrected FEI Titan 80-200 Chemi-STEM microscope equipped with a highbrightness Schottky field emission electron gun and a Super-X energy-dispersive X-ray spectroscopy (EDS) system was used to carry out the quantitative compositional analysis. For the investigated interfaces, the EDS signal collected from different interface areas yields the consistent results. Comparison of the SrO-Zr/TiO 2 terminated interfaces shows that the interfacial mismatch strain may influence the composition diffusion. Particularly, the diffusion of Sr into the PZT layer becomes less evident in compressive-strained film than the tensile-strained films. Apart from the EDS, the atom-column intensities, which are dependent on the atomic numbers [34] , are extracted from the experimental images to identify the atomic termination planes at the interfaces.
First-principles calculations of Sr and Ru co-doped PbTiO 3 supercells
Calculations of Sr and Ru co-doped PbTiO 3 were performed using density-functional theory, as implemented in the Vienna ab initio simulation package [35] . An energy cutoff of 550 eV was used, and projector-augmented wave potentials [36] were employed to describe the electron-ion interactions. Figure 2 (c) shows that the second to fourth polarization points in domain II (counting from the interface), which correspond to 3 unit cells (approximately 1.2 nm) from the SrRuO 3 /domain II interface, are particularly interesting points. Figure 3 (f) shows that, in this local area, the stoichiometry of both Pb and Ti is close to 75% and that of Sr is close to 25%. Therefore, supercells of (Pb 0.75 Sr 0.25 )(Ti 0.75 Ru 0.25 )O 3 containing 40 atoms were used as approximate models to calculate the polarization behavior in domain II. Ferromagnetic coupling between Ru atoms was also considered. Electronic relaxations converged within 10 -6 eV and ionic relaxation was performed until the residual force on each ion was less than 0.002 meV/Å.
The PBE+U functional (with U = 2.5 eV, J = 0.4 for the Ru ions) was used [37] . Polarization was calculated by computing the product between Born effective charges and atomic displacements.
The lattice constants of bulk SrRuO 3 are a = 5.582 Å, b = 5.629 Å, c = 7.895 Å. The thin films of (Pb 0.75 Sr 0.25 )(Ti 0.75 Ru 0.25 )O 3 were calculated by fixing the in-plane lattice constant to be 3.97 Å, according to the lattice constants of bulk SrRuO 3 .
Ex-situ electric-field biasing and electron microscopy experiments
An FEI Nova 600 Dualbeam system was used to fabricate Pt electrodes through electronbeam induced deposition (EBID). In this process, the chamber was evacuated to a base pressure of approximately 1×10 -6 mbar. A precursor gas of (CH 3 ) 3 CH 3 C 5 H 4 Pt was introduced and dissociated in the presence of a focused electron beam, leading to locally deposited Pt in patterns that were defined by raster scanning of the beam. The accelerating voltage was 5 kV and the beam current was 1.6 nA. An Asylum Research atomic force microscope operating in piezoresponse force microscopy (PFM) mode was then used to image and address the EBID Pt electrodes. ASYELEC-01 Ti/Ir coated Si probes with a force constant of ~3 N/m were used to image the domain states and to switch the polarization direction. Voltage pulses of +8 V for a duration of >1 s were used to switch the polarization from an "upward" orientation (towards the free surface) to a "downward" orientation (towards the substrate).
II. Supplementary text
Domain polarization and interface features in (x = 0.9) PZT/SrRuO 3 /DyScO 3 films
In (x = 0.9) PZT/SrRuO 3 /DyScO 3 thin films, the tensile substrate strain (~ 0.9%) leads to the formation of a ferroelastic c/a/c/a domain array. As illustrated in Fig. S1 (a), in thinner films (t ≤ 80 nm) the substrate strain is maintained in the c domains, leading to a larger c/a ratio of the a domains than the c domains. This is manifested by a parallelogram shape of the ferroelastic a 5 domains [Figs. S1(b)-S1(d)]. In thicker films (t > 80 nm), strain release results in a larger c/a ratio for c domains than a domains, resulting in the formation of V-shaped a domains [see and parallel to (δx O2-B ) the interface respectively, measured from the experimental image shown in Fig. 1(c) . Along the normal direction of the film, the mutual penetration and compromise of the antiferrodistortive order in SrRuO 3 with the polar order in the PZT can clearly be seen near the interface. Furthermore, the transition of oxygen displacements from one direction to the opposite direction is clearly displayed across the CDW. Along the interface direction, the evident displacements of oxygen (δx O2-B ) at both sides of the interface can be well identified and the null displacements (δx O2-Zr/Ti ) near the CDW are clearly revealed.
We note also that in the SrRuO 3 electrode layer the antiferrodistortive ordered oxygen 
Effect of polar catastrophe on polarization screening at BiFeO 3 /SrRuO 3 interfaces
Polarization screening at RuO 2 -PbO terminated PZT/SrRuO 3 interfaces
Our study on (x = 0.9, 0.6) PZT and BFO films shows that, as the ferroelectric film is thin (approximately 50 nm), the ferroelectric/SrRuO 3 interfaces are terminated by SrO-BO 2 planes [Figs. S1(g), S4(f), S9(f)]. However, as the film thickness increases (e.g., t > 80 nm) in the DSO-substrated PZT films, the interface is essentially terminated by the RuO 2 -PbO planes [ Fig. S5(g) ]. In comparison with the thinner films, as a result of a complex thermodynamic process during film growth [31] , alternation of the interface termination is induced by film-thickness-driven strain release [29] . This behavior is supported by the film-thickness-regulated P S orientation in the (x = 0.9) PZT films [Figs. S1, S5] with respect to the termination-dependent screening capability of SrRuO 3 [52] and severe A-site elemental diffusion at the interfaces [Figs.
3, S1(g), S5(g)]. Alteration of the termination types can be understood in terms of strain- 
Effect of interface termination of internal built-in field
Hysteresis loop measurements on the PZT (x = 0.9) thin films show the existence of internal built-in voltage (V bi ), which leads to evident shift of the PE loops along the voltage axis.
For thinner films with thickness t < 60 nm, a positive built-in voltage with V bi = 0.55 V is identified [ Fig. S6(a) ]. As the film thickness increases to 60 nm < t < 100 nm, the built-in voltage becomes negligible with V bi = 0.05 V [ Fig. S6(b) ]. As the film thickness t > 100 nm, the built-in voltage becomes negative with V bi = -0.25 V [Fig. S6(c) ]. As corroborated by our atomic-scale study (Figs. 1c, 3, S1g, S2, S5) , the positive and negative built-in voltage is attributed to the SrO- 
Effect of oxygen pressure on polarization screening at PZT/SrRuO 3 interfaces
A study on ultrathin (3.5 ~10 nm) PbTiO 3 /SrRuO 3 /SrTiO 3 thin films has reported that, as a result of ionic compensation from surface species, the domain orientation can be changed with the oxygen partial pressure [40] . In our previous study, we have specially introduced oxygen vacancies into the (x = 0.9) PZT films by applying a post-annealing treatment to the ferroelectric films at low (0. Fig. S7(c) ]. It is seen that the annealing treatment at low O 2 pressure does not alter the c-domain polarization orientation. By measuring positions of the atomic columns and calculating the poalr displacements [ Fig. S7(d) ], it is seen that along with magnitude reduction of P S , the structural reconstruction also leads to flexible polarization rotation at the interface area. By comparison, it is seen that thickness of the monoclinically distorted interfacial unit cells (~ 7 unit cells) is about one unit-cell thicker than in the as-grown state (treated in 1 mbar O 2 ) [ Fig. S5(c) ]. 
Monoclinic lattice distortion and CDW at (x = 0.6) PZT/SrRuO 3 interfaces
In order to confirm that the ferroelectric-metal interfaces may serve as seeds to nucleate new domains, mono-domain state (x = 0.6) PZT films grown on SrTiO 3 substrates were investigated in our ex-situ biasing experiments. Since the monoclinic phase is essentially featured by the in-plane polar displacements (e.g., δx B-A ), the electron probe was adjusted to scan the 11 0 T orientated specimen along the c-axis direction, which is aimed to enhance the measurement accuracy of δx B-A and to minimize the influence of sample drift. Figure S9(a) shows an HAADF-STEM image of the PZT/SrRuO 3 interface at the initial state. As seen from the magnified image [ Fig. S9(b) ], the downward shifts of Zr/Ti columns show that the P S in initial domains is oriented along the [001] T direction. While near the interface, the leftward shifts
